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Research  Objectives 

The  objectives  of  this  research  project  were  to  investigate  the  surface/fluid  interaction  in 
micro  &  nano  channels  that  occur  in  a  variety  of  situations.  For  example,  micron- 
resolution  particle  image  velocimetry  (micro-PI V)  results  suggest  that  a  hydrophilic  fluid 
flowing  over  a  solid  hydrophobic  surface  in  micro-  and  nano-channels  can  create  slip 
flow  whereby  the  no-slip  boundary  condition  may  not  be  valid.  The  slip  How  may  be  a 
result  of  a  low- viscosity  nanoscale  gaseous  layer  forming  between  the  fluid  and  the 
microchannel  surface. 

The  smali  length  scales  associated  with  microfluidic  devices,  allows  surface  tension  to  be 
a  dominating  force  in  microchannels.  As  a  result,  a  novel  microfluidic  remote-sensing 
chemical  detection  platform  has  been  developed  for  real-time  sensing  of  airborne  agents. 
I  his  platform  can  potentially  be  adapted  to  micro  air  vehicles  for  broad  sensing 
applications.  The  key  enabling  technology  is  a  newly  developed  invention  termed  Free- 
Surface  Fluidics  ( FSF ).  where  one  or  more  fluidic  surfaces,  confined  by  surface  tension 
forces,  are  exposed  to  tile  surrounding  atmosphere.  The  free-surface  architecture  provides 
a  new  paradigm  lor  the  micro/nanofluidics  research  community. 

The  free-surface  fluidic  architecture  can  be  combined  with  Surface-Enhanced  Raman 
Spectroscopy  (SERS)  to  allow  the  real-time  profiling  of  atmospheric  species  and 
detection  of  airborne  agents.  The  system  has  been  used  to  detect  4-ami nobenzenethiol.  a 
chemical  species  similar  in  size  and  structure  to  trinitrotoluene  (  TNT). 

Status  of  Effort 

We  have  completed  a  study  on  the  effects  of  absolution  pressure  of  slip  that  occur  in 
hydrophobic  micro  fluidic  channels.  The  slip  decreases  with  increasing  absolute  pressure. 
In  addition,  we  have  developed  the  first  work  free-surface  microfluidic  channel 
apparatus.  This  information  will  be  useful  in  designing  computer  simulation  tools  and 
microchannel  flows  for  bio-sensors. 

The  tree-surface  flow  has  been  tested  using  Quantum  Nanospheres.  Surprisingly,  a 
parabolic  velocity  profile  was  present,  fhis  is  the  subject  of  on-going  investigation.  We 
have  coupled  the  free-surface  system  with  Surface-Enhanced  Raman  Spectroscopy 
(SERS)  to  detect  airborne  explosives.  We  have  successfully  demonstrated  the  ability  to 
detect  DNT,  FNT,  RDX,  1 A 1  P,  picric  acid  in  vapor  form  at  room  temperature. 


Air  Force  Relevance 


The  Air  Force  is  interested  in  placing  small  bio-chemical  sensors  on  unmanned  air 
vehicles  and  micro  air  vehicles.  These  sensors  will  be  used  for  chemical  and  biological 
warfare  detection.  Because  ot  the  size  and  weight  constraints,  microfluidic  technology 
will  play  a  key  role  in  their  development.  To  meet  this  desire,  an  inexpensive  platform  for 
real  time  monitoring  of  airborne  chemical  and  biological  agents  has  been  developed.  We 
have  used  this  instrument  to  detect  explosives  and  toxic  chemicals,  such  as  detect  4- 
aminobenzenethiol,  a  chemical  species  similar  in  size  and  structure  to  trinitrotoluene 
('TNT). 

New  Findings 

Introduction  to  Hydrophobic  Slip 

The  current  development  of  microfluidic  devices  for  micro-total  analysis  systems  has  led 
to  research  focused  on  fluid  How  at  the  microscale.  Since  the  surface  to  volume  ratio 
depends  inversely  on  the  characteristic  length-scale,  the  importance  of  boundary 
conditions  increase  as  the  dimensions  of  micro  fluidic  devices  decrease.  For  nearly  a 
hundred  years,  scientists  and  engineers  have  assumed  no-slip  for  fluid  flow  over  a  solid 
surface.  While  this  assumption  has  been  proven  experimentally  at  the  macroscale,  recent 
experiments  with  micro-  and  nano-scale  flows  indicate  the  proper  boundary  condition 
depends  both  on  the  characteristic  length-scale  of  the  flow  and  the  chemical  and  physical 
properties  of  the  solid  surface. 

Previous  experiments  with  hydrophobic  surfaces  have  indicated  the  presence  of  fluid 
slipVV'VW-  While  observations  of  fluid  slip  continue  to  expand,  the  generating 
mechanism  responsible  for  fluid  slip  is  not  well  understood.  Recently,  nano-bubbles  on 
hydrophobic  surfaces  were  observed  experimentally  by  Tyrell  and  Attardv"  and  Steitz 
et.al.v‘".  Turn  el.  aT  and  others*  suggest  a  depleted  water  region  or  vapor  layer  develops 
for  water  near  a  hydrophobic  surface.  Zhu  and  Granick  indicate  the  calculated  slip 
lengths  at  higher  shear  rates  are  consistent  with  a  two-layer  fluid  model  with  a  lower 
viscosity  layer  near  the  surface.  However,  a  detailed  characterization  is  not  provided. 
More  recently,  Granick  et.al.*'  saturated  tetradecane  with  carbon  dioxide  and  argon  and 
calculated  the  slip  in  a  surface  force  apparatus  with  a  mica  and  apartially  wetting  methyl- 
terminated  surface.  They  observe  no-slip  behavior  when  tetradecane  is  saturated  with 
carbon  dioxide,  while  massive  deviations  from  the  no-slip  prediction  exists  for 
tetradecane  saturated  with  argon.  They  attribute  this  difference  to  the  enhanced 
segregation  of  argon  with  the  amount  of  segregation  dependent  on  the  material  properties 
of  the  fluid,  the  chemical  nature  of  the  wall,  and  chemical  identity  of  the  dissolved 
gasses.  This  is  within  the  context  of  dissolved  gasses  forming  a  vapor  layer  or  low 
density  region  near  the  surface.  De  Gcnnes  predicts  slip  lengths  of  order  10pm  that  are 
independent  of  gas  layer  thickness  when  rarefied  gas  conditions  exist. 

Tretheway  and  Meinhart  developed  an  analytical  model  to  quantify  the  effects  an  air  gap 
has  on  fluid  flow  between  two  infinite  parallel  plates.  The  model  shows  that  the  slip 
length  is  highly  dependent  on  the  physical  properties  (viscosity  and  thickness)  of  the  gas 
layer.  The  chemical  composition  of  dissolved  gasses  directly  affects  these  physical 
properties.  For  instance,  at  300K,  the  viscosity  of  air  is  1 8.6pPa  s  while  the  viscosity  of 
carbon  dioxide  is  1 5.0pPa  s.  If  the  thickness  of  the  gas  layer  is  the  same,  a  decrease  is 
gas  viscosity  should  increase  the  measured  fluid  slip.  However,  it  is  not  readily  apparent 


that  the  gas  layer  thickness  should  remain  constant  for  dissolved  gasses  with  different 
chemical  composition.  As  suggested  by  Granick  et.al.,  the  chemical  nature  of  the 
dissolved  gasses,  of  the  fluid,  and  of  the  surface  properties  control  the  segregation  of 
dissolved  gasses  at  a  surface.  Thus,  the  chemical  composition  of  the  dissolved  gas  may 
either  increase  or  decrease  the  gas  layer  thickness  depending  on  its  affinity  to  the  wall 
and  to  the  fluid.  Gasses  with  a  high  affinity  to  water  should  display  a  lower  slip  than 
gasses  with  a  low  affinity  to  water.  This  work  explores  the  proposed  mechanism  of 
Tretheway  and  Meinhart  by  measuring  velocity  profiles  and  calculating  slip  lengths  for 
solutions  with  different  dissolved  gasses.  In  addition  it  further  validates  the  effects  of 
absolute  pressure. 

Hydrophobic  Slip  Results 

Velocities  were  measured  by  micron-resolution  particle  image  velocimetry  (p-PIV)  in 
30pm  deep  by  300pm  wide  extruded  glass  microchanneis  trimmed  to  a  length  of  8.25cm. 
Measurements  were  made  4  to  4,5cm  from  the  edge  to  eliminate  possible  entrance  effects 
and  to  ensure  a  fully  developed  flow  profile.  Deionized  water  seeded  with  300nm 
fluorescent  particles  was  injected  into  the  channel  by  a  gravity  feed  system  at  a  flow  rate 
of  approximately  200pl/hr.  Hydrophobic  microchanneis  are  created  by  coating  the  walls 
with  octadecyltrichlorosilane  (OTS).  The  smooth  and  robust  monolayer  is  approximately 
2.3nm  thick  with  a  roughness  of  2-3  angstroms.  The  OTS  layer  thickness  is  less  than 
I/IOOOO’1'  the  depth  of  the  microchannel.  Two  images  separated  by  100-200ps  were 
captured  on  a  cooled,  interline  CCD  camera  and  analyzed  with  PIV  software  developed 
by  Steve  Wereley  (currently  at  the  Dept,  of  Mechanical  Eng.,  Purdue  University).  The 
interrogation  region  is  128  x  8  pixels  (streamwise  to  spanwise),  which  yields  a  spatial 
resolution  of  I4.7x0.9xl. 8pm  with  velocity  measurements  obtained  to  within  450nm  of 
the  wall.  The  out  of  plane  measurement  depth  is  approximately  1. 8pm.  To  increase 
signal-to-noise,  1 10  image  pairs  are  cross  correlated.  The  resulting  correlation  functions 
are  then  averaged  before  peak  detection,  following  the  algorithm  given  bv  Meinhart  et 
al.16 


Velocity  measurements  are  taken  near  the  mid-plane  of  the  channel  (13pm  from  the 
bottom)  along  the  side  wall.  The  field  of  view  is  aligned  such  that  a  section  of  the  wall  is 
included  in  each  image.  Since  there  are  no  particles  in  the  walk  the  resulting  correlations 
for  (hat  region  produce  erroneous  velocity  vectors  with  magnitudes  and  directions  that  are 
inconsistent  with  the  known  direction  of  flow.  The  wall  location  is  then  set  al  the  point  at 
which  the  velocity  vectors  are  erroneous.  The  uncertainty  of  the  wall  location  is 
approximately  IlOnm. 

To  control  the  composition  of  dissolved  gasses,  the  gravity  flow  system  contains  four 
parallel  flow'  lines  that  join  at  the  microchannel  entrance.  Each  line  can  be  closed 
independently  allowing  only  flow  from  one  fluid  reservoir.  The  reservoirs  are  filled  with 
particle-water  solutions  that  have  been  saturated  with  a  given  gas.  To  saturate  the 
solutions  with  a  desired  gas.  the  solutions  are  first  degassed  by  applying  a  vacuum, 
pressurized  with  the  desired  gas,  degassed  a  second  time,  and  finally  pressurized  to  the 
atmospheric  with  the  desired  gas.  The  saturated  solutions  are  then  transferred  to  the 


parallel  flow  lines  while  minimizing  contact  with  the  surrounding  air.  The  slip  length  is 
measured  for  each  solution  flowing  through  the  same  microchannel  at  the  same  location. 

Table  1  provides  preliminary  results  of  the  measured  slip  lengths  obtained  for  two 
hydrophobic  microchannels  with  saturated  solutions  of  air,  argon,  and  carbon  dioxide  in 
channel  A  and  saturated  solutions  of  air,  argon,  carbon  dioxide,  and  helium  for  Channel 
B.  For  channel  A,  the  results  show  that  the  slip  lengths  are  greatest  for  argon,  less  for  air, 
and  lowest  for  carbon  dioxide.  For  channel  B,  the  slip  length  is  greatest  for  helium, 
slightly  less  for  argon,  lower  still  for  air,  and  essentially  zero  for  carbon  dioxide.  The 
results  suggest  that  the  nature  of  the  dissolved  gas  affects  the  properties  of  the  gas  layer 
that  develops  at  the  hydrophobic  wall.  However,  the  chemical  composition  of  gas 
manifests  its  effects  through  more  than  a  difference  viscosity.  From  the  proposed 
mechanism  of  Tretheway  and  Meinharty  the  slip  should  depend  inversely  on  the  gas  layer 
viscosity.  If  we  compare  the  results  of  Table  !  for  argon  and  helium  (two  Noble  gasses) 
in  channel  B,  we  see  that  the  measured  slip  length  of  helium  is  1.12  times  that  of  argon. 
The  viscosity  ratio  of  argon  to  helium  is  1 . 145.  Since  the  slip  length  depends  inversely  of 
the  viscosity,  the  results  of  helium  and  argon  are  consistent  with  sole  effect  of  viscosity. 
While  the  viscosity  ratio  seems  to  hold  true  for  a  comparison  and  helium  and  argon. 
Table  1  shows  that  the  measured  slip  length  is  smallest  for  the  lowest  viscosity  gas, 
carbon  dioxide  and  greatest  for  the  largest  viscosity  gases,  argon  and  helium.  This 
indicates  that  a  difference  in  viscosity  is  not  the  sole  effect  that  results  from  a  different 


Channel 

Dissolved  Gas 

P(rnn) 

Viscosity  (uPa  s) 

A 

air 

381.5 

18.6 

A 

argon 

443.6 

22.9 

A 

carbon  dioxide 

233.4 

15.0 

B 

air 

175,8 

18.6 

B 

argon 

322.5 

22.9 

B 

carbon  dioxide 

-4.47 

15.0 

B 

helium 

361.5 

20.0 

Table  I.  Measured  slip  lengths  in  two  hydrophobic  microchannels  (A  and  B)  for  various 
dissolved  gasses.  For  reference  the  viscosity  of  each  gas  is  provided. 

chemical  composition  of  the  dissolved  gas.  The  reduced  viscosity  of  carbon  dioxide  must 
be  counteracted  by  concurrent  reduction  in  the  gas  layer  thickness.  This  reduction  in  gas 
layer  thickness  may  develop  from  the  substantially  greater  solubility  of  carbon  dioxide  in 
water  than  either  argon  or  helium  in  water.  The  solubility  of  carbon  dioxide  in  water  is 
7.07xI0‘4  mole  fraction,  the  solubility  of  helium  7.044x1  O'6  mole  fraction,  and  the 
solubility  of  argon  is  2.748x1  O'5  mole  fraction.  Thus,  argon  and  helium  may 
preferentially  segregate  from  water  at  the  hydrophobic  interface.  Further  work  with  a 
larger  array  of  gasses  with  varying  viscosity  and  solubilities  needs  to  be  conducted  to 
fully  elucidate  the  effects  of  both  viscosity  and  solubility  on  the  measured  slip  length. 

Figure  1  shows  the  measured  slip  length  (previously  reported)  as  a  function  of  absolute 
pressure  for  a  hydrophobic  microchannel.  The  experimental  conditions  (flow  rate, 
temperature,  microchannel  location,  etc)  remained  constant  regardless  of  absolute 


pressure.  Velocity  profiles  were  measured  and  slip  lengths  calculated  as  the  absolute 
pressure  was  increased  and  decreased  from  atmospheric  to  600kpa  and  back  to 
atmospheric.  Figure  l  shows  that  as  the  absolute  pressure  increases  the  calculated  slip 
length  decreases  to  no-slip  at  the  highest  pressure.  The  method  to  determine  the  slip 
length  was  described  previously  in  the  experiments  section.  A  major  factor  in  this 
calculation  is  setting  the  wall  location,  To  validate  the  methodology  of  locating  the  wall, 
an  alternate  method  to  examine  the  velocity  profiles  was  applied.  This  method  employs 
the  nanoscope  technique  of  Stone17.  It  calculates  the  wall  position  by  fitting  the  velocity 
data  with  a  second  order  polynomial  and  locating  the  point  at  which  the  velocity  goes  to 
zero.  The  results  show  that  as  the  pressure  increases,  the  wall  location  increases.  This  is 
consistent  with  a  reduction  in  fluid  slip.  If  we  set  the  wall  position  to  correspond  to  the 
highest  pressure  and  subtract  this  from  the  wall  position  at  lower  pressures,  the  slip 
lengths  at  lower  pressures  may  be  calculated.  Applying  this  method  produces  slip  lengths 
consistent  with  those  shown  in  Fig.  1 .  This  further  validates  the  previously  reported 
absolute  pressure  effects  and  methodology  to  identify  the  wall  location. 
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Figure  1 :  The  effects  of  absolute  pressure  on  the  measured  slip  length. 
Free-Surface  Fluidics 

For  the  first  time,  an  integrated  nanoscale  fluidic  platform  has  been  developed  that  can 
monitor  airborne  agents  in  real  time.  During  the  past  fifteen  years,  there  has  been 
significant  development  in  using  micro/nanofluidic-based  platforms  for  detection  of 
chemical  and  biological  agents.  However,  no  integrated  device  currently  exists  for 
capturing  airborne  agents  and  injecting  them  into  a  microchannel.  This  is  a  longstanding 
barrier  that  could  ultimately  limit  the  viability  of  Mab  on  a  chip'  platforms  for  monitoring 
of  airborne  species. 

The  key  breakthrough  that  makes  the  new  system  possible  is  the  invention  of  Free- 
Surface  Fluidics*"  (FSF)  which  leverages  new  physical  phenomena.  Free-surface  fluidics 
has  not  been  demonstrated  previously  in  micro/nanofluidic  platforms  and  enables 
absorption  of  airborne  chemical  agents  directly  into  the  fluidic  channels.  This 
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advancement  constitutes  a  significant  step  towards  real-time  sensing  of  airborne 
biological  and  chemical  agents,  with  applications  to  environmental  monitoring  and 
bio  war  fare  detection  that  significantly  enhances  what  is  achievable  with  conventional 
lab-on-a-chip  platfoimsXMI'xlv,xv. 

A  schematic  of  the  FSF  architecture  is  shown  in  Fig,  2.  The  microfiuidic  device  consists 
of  a  3-sided  niicrochanneh  with  the  top  being  exposed  to  the  atmosphere*  When  water  is 
present  in  the  microcharmel,  the  surface  tension  of  the  free  surface  confines  the  fluid  to 
the  channel,  and  allows  for  pressure-driven  flow  through  the  channel.  In  addition,  the  free 
surface  allows  airborne  molecules  to  be  absorbed  directly  into  the  working  fluid*  The 
working  fluid  and  its  chemical  constituents  can  be  imaged  by  a  microscope  lens.  Figure 
3  shows  an  open  channel  that  was  microfabricated  from  a  silicon  wafer. 


Figure  2:  Free -surface  microfnanoflutdic  platform .  Surface 
tension  is  a  dominant  force  at  the  micron  anti  sub-micron  length 
scales.  The  surface  tension  force  can  create  significant  pressure 
gradients  that  can  drive  the  flow  and  maintain  stability  of  the  free 
surface .  Here ;  electrodes  on  the  substrate  can  he  used  for  a 
variety  of  purposes,  such  as  virtual  valves,  low-voltage 
electrophoretic  separation,  and  electro-osmotic  flow.  A 
microscope  lens  will  he  used  for  detection  by  surface-enhanced 
Raman  spectroscopy  The  free-surface  allows  for  direct 
absorption  of  airborne  chemical  agents  directly  into  the  working 
fluid. 


Figure  3:  Image  of  silver 
colloid  flowing  through  an  18- 
micron  wide  free-surface 
microchannel  The  top  surface 
of  the  flow  is  exposed  to  the 
atmosphere  and  provides  a 
prototype  platform  for  remote 
sensing  of  airborne  agents  by 
SERS 


Pressure-driven  flow  in  this  channel  has  been  measured  using  micron  Particle  Image 
Velocimetry  (micro-PIV).  We  have  developed  a  new  type  of  flow-tracing  particle 
(termed  Quantum  Nanosphere)  to  measure  fluid  velocity  in  sub-micron  channels.  A 
schematic  of  a  Quantum  Nanosphere  is  shown  in  Fig.  4.  In  one  instance,  the  velocimetry 
results  indicate  a  -0.1  mm/s  flow  with  a  peaked  velocity  profile  (see  Fig.  5).  Other 
experiments  have  established  that  liquid  velocities  ~  1  mm/sec  can  be  established  in  open 
channels  ~  1  pm  deep.  When  the  open  channel  connects  to  reservoirs  (either  dosed  or 
open),  the  free  surface  can  be  kept  clean  from  monolayers  because  of  the  relatively  short 
transit  time  during  which  the  liquid  is  exposed  to  the  atmosphere.  Nonetheless,  the 
airborne  agents  will  diffuse  through  submicron-depth  layers  in  time  scales  -  I  O'2  sec, 
assuming  typical  diffusivities  of  -10'6  cm2/sec.  Evaporation  from  such  open  channels 
can  be  controlled  or  eliminated,  as  required,  by  controlling  the  temperature  of  the  liquid 


in  the  open  channel.  This  can  be  done  by  using  the  Peltier  effect  to  keep  the  fluid  close  to 
the  dew  point  of  the  surrounding  air.  We  have  demonstrated  this  technology.  In  some 
situations,  a  controlled  amount  of  evaporation  may  be  desirable  in  order  to  concentrate 
the  absorbed  species,  making  detection  easier.  In  such  cases,  the  temperature  of  the 
liquid  can  be  allowed  to  rise  somewhat  above  the  dew  point,  and  the  amount  evaporated 
determined  by  measuring  the  axial  concentration  profile  of  a  non-volatile  species 
dissolved  in  the  liquid  that  serves  as  a  marker.  The  concentration  of  such  markers  and 
absorbed  airborne  agents  can  be  measured  with  high  accuracy  by  surface-enhanced 
Raman  spectroscopy,  allowing  sensitive  detection  of  a  wide  variety  of  chemical, 
biological  and  environmental  agents. 
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Figu  re  4.  B  eads  co  a  ted  with  Neu  trA  vi din  7  w 
were  titrated  into  a  solution  containing 
biotinylated  quantum  dots.  Free  biotin  was 
added  after  the  beads  were  coated  with  QDs  so 
remaining  NeutrAvidin™  binding  sites  would 
he  filled 
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Figure  5*  Micro- P IV  measurements  of  pressure- 
driven  flow  in  a  free-surface  microfluidic  channel 
The  velocity-  profile  is  peaked  because  of  the 
variation  in  free-surface  elevation,  in  this  case,  the 
maximum  velocity  is  100  um/s. 


Surface-enhanced  Raman  Spectroscopy  (SERS)  is  a  chemical  detection  technique  that 
has  been  actively  developed  for  over  25  yearsxvl.  Based  on  the  specificity  and  uniqueness 
of  the  Raman  spectrum  obtained  from  a  particular  material,  SERS  allows  the  rapid 
detection  and  identification  of  chemical  compoundsxv"'xvl".  Surface  enhancement  of 
Raman  spectra  is  obtained  from  the  coupling  of  an  analyte  with  nanost  rue  lured  materials 
which  are  designed  to  concentrate  the  electromagnetic  fields  associated  with  surface 
plasmon  resonance.  Now  a  mature  analytical  technique,  the  SERS  effect  is  observed  to 
enhance  Raman  spectra  of  analyte  materials  up  to  1 0 M  times’^.  This  allows  the  routine 
detection  of  a  single  analyte  molecule  and  is  one  of  the  most  sensitive  chemical  detection 
techniques  yet  discovered. 


As  of  now,  the  SERS  technique  is  confined  to  the  detection  of  materials  suspended  in 
liquid  solution.  We  have,  for  the  first  time,  developed  a  method  to  detect  gas-borne 
materials  by  coupling  the  sensitivity  of  SERS  chemical  detection  with  our  Free  Surface 
Microfluidic  Platform  (see  Fig.  6).  This  combination  produces  a  highly  sensitive,  real¬ 
time  gas-phase  chemical  sensor  which  relies  on  the  small  vertical  dimension  and 


uncovered  top  surface  of  the  liquid  flow  in  the  microfluidic  platform  to  quickly 
equilibrate  a  solution  of  nanoscale  silver  colloid  solution  with  the  surrounding 
atmosphere. 

In  preliminary  studies,  a  free-surface  flow  of  silver  colloid  was  established  in  a 
microchannel  of  dimensions  I8um  wide  by  lOrnm  long  by  i.5um  deep.  A  liquid  solution 
of  4-ami  no  benzenethiol  was  placed  approximately  3cm  from  the  microchannel  that 
contained  the  flow  of  silver  colloid  (Fig.  6).  The  microchannel  and  4-aminobenzenethioI 
were  placed  inside  a  20cm  x  20cm  x  0.6cm  box  in  order  to  contain  the  4- 
aminobenzenethiol  vapor.  Raman  spectroscopy  was  then  performed  in  the  center  of  the 
microchannel  with  a  514.5  nm,  7  mW  laser  through  a  1000  microscope. 

The  Raman  spectrum  results  are  shown  in  Fig.  7.  After  only  5  seconds  of  exposure  the 
characteristic  signature  of  4-aminobenzenethiol  is  readily  apparent,  This  chemical  was 
chosen  because  its  molecular  structure  is  similar  to  TNT. 


514.5  nm,  7  mW 
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Figure  6:  Schematic  of  our  prototype  microchannel 
SERS  platform .  A  free-surface  microchannel  flow  of 
silver  colloid  was  established  in  an  atmosphere  which 
was  exposed  to  solid  4-aminobenzenethiol  (analyte) 
Analyte  contacted  the  free-surface  flow  by  diffusion 
through  the  atmosphere  and  subsequently  adsorbed  to 
the  suspended  silver  colloid 


Raman  Shift  (cm  ) 

Figure  7:  Characteristic  Raman  peak  detection 
of  4-aminobenzenethiol  after  Is  and  5s  of  signal 
integration  time  obtained  by  our  prototype 
microchannel  SERS  platform  (red  traces).  The 
analyte  had  diffused  through  the  atmosphere  and 
adsorbed  to  the  silver  colloid  in  order  to  produce 
the  SERS  signal.  In  absence  of  analyte,  no  peaks 
between  1000- 1 700cm-  J  were  detected  (black 
trace). 


Explosives  Vapor  Detection 

Figure  8  shows  the  integrated  free-surface  microfluid ic  platform  combined  with  SERS 
for  molecular-specific  detection.  The  free-surface  flow  utilizes  surface  tension  to  create 
pressure-driven  flow,  Once  absorbed  in  the  fluid  in  the  microfluidic  channel,  the  airborne 
molecules  or  particles  adsorb  on  the  silver  nanoparticles,  causing  them  to  aggregate.  This 
leads  to  a  greatly-enhanced  SERS  effect.  As  the  particles  advect  downstream,  colloidal 
particles  continue  to  aggregate:  monomers  form  dimers,  and  dimers  form  1  rimers,  etc.  A 
confocal  Raman  system  can  probe  the  free-surface  channel  anywhere  along  the  stream 
and  can  therefore  select  the  streamwise  position  where  the  maximum  concentration  of 
dimers  are  present.  This  allows  us  to  measure  a  wide  variety  of  explosive  vapors, 


including  DNT,  TNT,  picric  acid,  TATP  and  RDX  under  highly  reproducible  conditions 
of  nanoparticle  aggregation,  and  hence  SERS  enhancement.  The  system  is  also  capable 
of  measuring  explosive  particles. 


Figure  8:  Free- surface  microfluidic 
platform.  Surface  tension  is  a 
dominant  force  at  the  micron  length 
scales  The  surface  tension  forces  can 
create  significant  pressure  gradients 
that  drive  the  flow  and  maintain 
stability  of  the  free  surface.  The  free- 
surface  allows  for  direct  absorption  of 
airborne  chemical  agents  directly  into 
the  aqueous  working  fluid.  7  he 
absorbed  molecules  aggregate  the  Ag 
colloidal  particles  to  create  the  SERS 
effect.  As  the  particles  advect 
downstream,  colloidal  aggregation 
increases.  The  maximum  SERS  signal 
is  obtained  from  nanoparticle  dimers. 

Figure  9  is  a  picture  of  the  free-surface  microfluidic  chip  on  a  temperature-controlled 
confoca!  Raman  microscope  stage.  With  this  system,  we  have  successfully  measured 
vapor  of  DNT,  TNT,  TATP,  picric  acid,  and  RDX  at  room  temperature.  Typical  SERS 
spectra  are  shown  in  Fig.  10  (TATP  spectrum  not  shown).  The  spectrum  of  each 
molecule  is  distinct  and  clearly  shows  the  characteristic  N02  stretch  near  1400  cm'1. 
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Figure  9 .  Confoca l  Raman  microscope  stage  with  a  Figure  10.  Surfaced-enhanced  Raman  spectra 
Peltier  junction  for  temperature  control.  The  free-  from  explosives  vapor  of  RDX,  Picric  acid \ 
surface  microfluidic  chip  is  exposed  to  explosives  vapor  and  DNT.  The  4-ABT  spectrum  is  shown  for 
and  interrogated  with  a  /  um  dia.  laser  beam.  The  reference.  Other  molecules  measured  are 
emitted  spectrum  is  then  used  to  determine  the  airborne  TATP  and  TNT  (Data  not  shown), 
agents. 


The  saturated  vapor  concentrations  at  room  temperature  vary  from  ~10  ppb  for 
TNT,  -~102  ppb  for  DNT,  to  ~106  ppb  for  volatile  species  like  TATP.  The  low  vapor 
pressure  of  RDX  makes  it  difficult  to  measure  at  room  temperature.  The  saturated  vapor 
concentration  for  RDX  is  ~1 0  ppt  at  300  K  (room  temperature),  and  increases  to  ~1 02  ppb 
at  400  K.  Therefore,  all  previous  detections  of  RDX  are  obtained  by:  (1)  swabbing  the 


sample,  (2)  heating  the  swab  to  -  400-450  K  to  vaporize  RDX,  and  then  (3)  using  a 
variety  of  techniques  MS,  IMS,  or  Fido™,  etc.  to  obtain  a  measurement. 

By  contrast  we  have  successfully  measured  RDX  vapor  at  room  temperature  with 
our  microfluidic/SERS  device.  The  RDX  test  samples  were  obtained  from  Accustandard. 
Inc.  (product  number  M-8330-05-0. 1  X)x*,  and  certified  to  be  100%  pure  RDX  sample 
(using  1IPLC)  in  methanol :acetonitrile  solvent.  Solid  RDX  samples  were  prepared  by 
subjecting  the  RDX  solution  to  an  N2  gas  stream  while  maintaining  the  temperature  of  the 
solution  at  25  C.  't  his  procedure  evaporated  the  solvent,  leaving  pure  RDX  at  the  bottom 
of  a  test  tube.  The  test  tube  was  then  covered  with  parafilm  and  allowed  to  equilibrate  to 
room  temperature  for  30  minutes.  The  test  tube  was  then  uncovered  and  oriented  next  to 
the  detector  such  that  the  vapor  transport  distance  between  the  RDX  and  the  detector  was 
5  cm. 

Based  on  the  reported  vapor  pressure  of  RDX  we  believe  our  measurements  were 
in  the  ppt  range.  High  quality  spectra  were  obtained  (see  Fig.  10).  We  have  yet  to 
optimize  the  sensitivity  limits  of  our  system,  and  feel  it  is  possible  to  increase  the 
sensitivity  significantly  by  improvements  in  optics  and  geometry. 

Current  explosives  detectors  and  SERS-active  substrates  exposed  to  air  can  be 
degraded  or  spoofed  by  contamination  from  ambient  chemicals  such  as  gasoline  &  jet 
fuel  vapor,  shoe  polish,  perfume,  etc.  We  have  tested  DNT  in  a  saturated  gasoline  vapor 
environment  and  found  no  observable  degradation  in  signal  as  a  result  of  the  gasoline 
vapor.  We  have  also  measured  DNT  in  the  presence  of  volatiles  like  ethyl  alcohol  and 
acetone,  and  observed  only  minor  additional  spectral  features,  allowing  the  characteristic 
(and  dominant)  spectrum  of  DNT  to  be  confidently  and  quantitatively  extracted. 

Conclusions 

This  work  examines  the  effects  of  dissolved  gasses  on  apparent  fluid  slip  in  hydrophobic 
microchannels  and  further  validated  the  effects  of  absolute  pressure.  The  results  show 
the  measured  slip  lengths  depend  on  the  dissolved  gasses  in  solution.  The  measure  slip 
lengths  are  greatest  for  helium,  slightly  smaller  for  argon  (which  is  consistent  with  a 
change  in  viscosity),  lower  still  for  air,  and  smallest  (nearly  zero)  for  carbon  dioxide. 
The  slip  length  measured  with  carbon  dioxide  is  the  smallest  even  though  it  has  the 
lowest  viscosity.  This  indicates  that  the  reduced  viscosity  of  carbon  dioxide  must  be 
counteracted  by  a  simultaneous  reduction  in  the  gas  layer  thickness.  This  reduction  in 
gas  layer  thickness  may  develop  from  the  substantially  greater  solubility  of  carbon 
dioxide  in  water.  These  results  are  consistent  with  the  generating  mechanism  of 
Tretheway  and  Meinhart5  as  the  model  shows  that  the  slip  length  is  highly  dependent  on 
the  nanobubble  or  gas  layer.  However,  further  work  with  an  array  of  gasses  is  necessary 
to  fully  elucidate  the  effects  of  soluble  gasses. 

We  have  developed  a  new  micro  fluidic-based  platform  for  sensing  biological  and 
chemical  agents.  This  platform  can  be  used  in  conjunction  with  micro  air  vehicles.  In 
this  system,  airborne  molecules  can  be  directly  absorbed  through  the  microfluidic  free- 
surface  for  immediate  detection  using  a  number  of  techniques  including  the  interaction 
with  gold  or  silver  colloidal  particles  which  allows  the  subsequent  detection  by  SERS. 
The  platform  is  capable  of  detecting  4-aminobenzenethio!  (a  chemical  similar  in  structure 
to  TNT).  We  have  demonstrated  detection  with  only  5  seconds  of  atmospheric  exposure. 


In  order  to  develop  further  this  device  for  use  with  explosives  detection,  the  microfluidics 
technologies  will  need  to  be  developed  and  optimized  for  pressure-driven  free-surface 
flows,  free-surface  valves,  and  evaporative  pumps.  We  will  also  design  further  the 
microfluidic/SERS  sensing  system  to  be  compatible  with  micro  air  vehicles  for  remote 
sensing  of  airborne  molecules. 

In  order  to  illustrate  the  utility  of  the  Free  Surface  Fluidics  /  SERS  system  as  an 
explosives  detector,  we  have  measure  vapor-phase  of  several  explosive  agents,  including, 
DNT.  picric  acid,  RDX,  and  TATP. 
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Honors  ami  Awards  Received 

•  Invited  speaker,  Is1  IEEE  NEMS  Conference,  Zhuhai,  China,  2006 

•  Keynote  speaker,  1 sl  Comsol  Multiphysics  User  Conference,  Boston,  MA,  2005 

•  Keynote  speaker,  6lh  International  Conference  on  Particle  Image  Velocimetry, 
Pasadena,  CA,  2005 

•  Keynote  speaker,  Ist  Workshop  on  Micro-Particle  Image  Velocimetry,  Tech.  Unv.  of 
Delft,  Netherlands,  2005 

•  Keynote  speaker,  International  Symposium  on  Micro  &  NanoTechnology  ISMNT, 
Honolulu,  HI,  2004. 

AFRL  Point  of  Contact 

Dr.  Andrew  Ketsdever,  Edwards  AFB,  CA,  Phone  (66I)-275-6245 

Transitions 

Micron-Resolution  PIV  Patent  No.  6,653,651,  and  7,057,198  has  been  licensed  to  TSI, 
Inc.  The  point  of  contact  at  TSI,  Inc.  is  Dr.  Raj  an  Menon,  TSI,  Inc.,  500  Cardigan  Road, 
Shoreview,  MN  55126-3996,  Phone  800-874-281 1 . 

Device  and  Methods  of  Detection  of  Airborne  Agents  has  been  optioned  by 
SpectraFluidics,  LLC.,  209  W.  Alamar  Avc,  Ste.  A,  Santa  Barbara,  CA. 

New  Discoveries 

Quantum  Nanosphere  technology  for  flow-tracing  particles  has  been  developed  in 
conjunction  with  Nanex ,  LLC,  Santa  Barbara,  CA. 

C.D.  Meinharl,  J.G.  Santiago,  B.  Piorek.  S.  Banerjee,  M.  Moskovits.  Device  and  Methods 
of  Detection  of  Airborne  Agents,  Provisional  Patent. 

Patents 

C.  D.  Meinhart,  J.  G.  Santiago,  S.  T.  Wereley,  and  R.  J.  Adrian.  Micron  resolution 
particle  image  velocimeter,  Patent  No.  6,653,651  Issued  Nov.  25,  2003. 

C.  D.  Meinhart,  J.  G.  Santiago,  S.  T,  Wereley,  and  R.  J.  Adrian.  Depth-of-field  micron 
resolution  velocimetry  with  pulsed  images  of  injected  solid  particles.  Patent  No. 
7.057.198,  June  6,  2006. 


